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ABSTRACT 

Context. We present the results from the Giant Metrewave Radio Telescope (GMRT) interferometric H i and 20 cm radio continuum 
observations of CIG 85, an isolated asymmetric galaxy from the AMIGA (Analysis of the Interstellar Medium of Isolated GAlaxies 
(http://amiga.iaa.es) sample. 

Aims. Despite being an isolated galaxy, CIG 85 showed an appreciable optical and Hi spectral asymmetry and therefore was an 
excellant candidate for resolved Hi studies to understand the reasons giving rise to asymmetries in isolated galaxies. 
Methods. The galaxy was imaged in H i and 20 cm radio continuum using the GMRT. For a detailed discussion of the results we also 
made use of multi-wavelength data from archival SDSS, GALEX and Ha imaging. 

Results. We find the H i in CIG 85 to have a clumpy, asymmetric distribution which in the NW part is correlated with optical tail like 
features, but the H i velocity field displays a relatively regular rotation pattern. Evaluating all the observational evidence, we come to 
a conclusion that CIG 85 is most likely a case of a disturbed spiral galaxy which now appears to have the morphology of an irregular 
galaxy. Although it is currently isolated from major companions, the observational evidence is consistent with Hi asymmetries, a 
highly disturbed optical disk and recent increase in star formation having been caused by a minor merger, remnants of which are now 
projected in front of the optical disk. If this is correct, the companion will be fully accreted by CIG 85 in the near future. 

Key words, galaxies - isolated galaxies - Hi 



1. Introduction 

The evolution of a galaxy and its properties at z = de- 
pend on both internal processes and on its environment. To 
quantify the impact of different environments (nurture) on a 
galaxy's morphology, structure, nuclear activity, or star for- 
mation (SF) properties, amongst others, requires a well de- 
fined and statistically significant sample of minimally per- 
turbed galaxies (pure nature). The AMIGA (Analysis of the 
Interstel lar Medium of Isolated GAlaxi es ( http://amiga.iaa.es ) 
project dVerdes-Montenegro et al.l l"2005l) provides such a sam- 
ple. The AMIGA catalogu e is a refinement of t he Catalogue 
of Isolated Galaxies (CIG; iKarachentseval [T973I) . Galaxies in 
the AMIGA sample have re mained free of major tidal inter - 
actions for the last ~3 Gyr dVerdes-Montenegro et al.l 120051) . 
Quantification of the strength of tidal interactions with neigh- 
bouring minor companions and the local number density is 
available for all of the AMIGA sample galaxies (Verley et al. 
2007a,b). The AMIGA project has clearly established that the 
most isolated galaxies have different physical properties, even 
compared to galaxies in what are generally considered field sam- 
ples, in terms of their optical morphology (e.g. asymmetry, con- 
centration), Lfir, radio-far infrared correlation, molecular gas 
content, fraction of active galactic nuclei and H i spectra asym- 



metry ( Lisenfeld et al. 2007t Leon et al. 2008 : S abater et al 



2008 

l2oTTl) 



iDurbala et all 120081: lEspada et al.ll201 lbt Lisenfeld et al 



Despite having lower rates of H i spectral and optical mor- 
phological asymme t ry than galaxies in denser environments 
( IDurbala e t al. 20081 Espada et al1l201 lb|) . some g alaxies in the 
AMIGA sample show an appreciable asymmetry. lEspada et al.l 
d2011bl) studied the Hi profiles of a sample of 166 AMIGA 
galaxies using an H i asymmetry parameter Afl ux , defined as the 
ratio of the H i flux between the receding and approaching sides 
of the single dish spectrum. They found the distribution of this 
parameter is well described by the right half of a Gaussian distri- 
bution, with only 2% of the sample having an asymmetry param- 
eter in excess of 3cr (i.e. Afl ux > 1.39), meaning a 39% excess of 
flux in one half of the spectrum. They also noted that the fraction 
of asymmetric H i profiles was smaller in the AMIGA sample 
than in any other samples in the literature. They found no corre- 
lation between the H i asymmetry parameter and minor compan- 
ions, measured either as the tidal force (one-on-one interactions) 
or in terms of the number density of neighbouring galaxies. In 
contrast, field galaxy samples deviate from a Gaussian distri- 
bution and have high er (10-20%) rates of asymmetric galaxies 
(lEspada et al.ll201 lbl) . 

It is well known that environment affects galaxy evolution: 
tidal interactions can stretch and deform both the stellar and 
gas disks, ram pressure is able to deform and strip Hi disks 
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Table 1. CIG 85 parameters 
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Fig. 1. CIG 85 SDSS u, g, r image. The red circles indicate 
the positions of two possible dwarf galaxies 020036+21480- 
b (lower circle) an d 020036+2 1480-c (top circle) reported by 
IWoods et al.ld2"006h . 



(Ivan Gorkoml2004]). and m ajor mergers can destroy the structure 
of the disks ( Struckj[T999l) . The presence of asymmetric Hi pro- 
files in isolated g alaxies and the Gau ssian distribution of their 
Aflux parameters dEspada et alJl201 Tbh implies that process(es) 
other than major interactions and mergers are operating to main- 
tain long lived or frequent perturbations in isolated late-type 
galaxies. 

For isolated galaxies with H i and stellar asymmetries, sev- 
eral secular perturbation processes have been proposed as the 
cause: accretion of cold gas from the surrounding environ- 
ment, intermittent accretion of satellite galaxies, and internal 
bar, disk or retarded SF driven perturbations together with 
their associated star formation (|Bergvall & Ronnbackl 119951: 
Bournaud & Combesll200l iBournaud et al.ll20Q5b ISancisi etall 
2008b . To date very few detailed observational studies have been 



carried out to determine the causes of such asymmetries in iso- 
lated galaxies. 

We are therefore carrying out a programme of spatially re- 
solved H i studies for a sample of AMIGA galaxies to determine 
the mechanisms t hat predominantly give rise to asymmetries i n 
isolated galaxies dEspada et al .1120051 120 1 lbt iPortas et al.ll20 lib . 
As part of that study we present here Giant Metrewave Radio 
Telescope (GMRT) Hi observations of CIG 85 (UGC 1547), 
(Figure [TJ which is an asymmetric AMIGA late-type galaxy 
with A flux = 1.27 + 0.01. 

Basic parameters for CIG 85, which is an optically irregular 
galaxy, are given in Table Q] According to th e AMIGA isola- 
tion criteria discussed in IVerlev et"al] d2007bl) . a galaxy needs 
to have the density and tidal force parameters of % < 2.4 and 
Qkar ^ -2.0 respectively, to be included in the isolated sample 
of galaxies. These parameters for CIG 85 are 0.984 and -3.74 
respectively, making it highly isolated even within the AMIGA 
sam ple. In addition we hav e searched the literature for compan- 
ions. fA^^Sulentii dUllI) suggest this galaxy is part of a small 
group with three neighbours, NGC 772 (2474 km s" 1 ), NGC 770 
(2458 kms 1 ) and UGC 1551 (2670 kms 1 ). Of these, UGC 
1551 is the nearest, projected 122' (1.2 Mpc) from CIG 85. In 
addition to the three catalogued group members dArp & Sulentid 
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1985), a search of the NASA Extragalactic database (NED) re- 
vealed two nearer neighbours with similar optical magnitude, 
UGC 1538 (2835 kms" 1 ), 103' (1 Mpc) away and the closest 
UGC 1490 (3079 km s 1 ), 60' (0.6 Mpc) away. Using 200 km s 1 
as the separation velocity, the time taken to cover 1 Mpc would 
be ~ 3 Gyrs. This is more than twice the dynamical time scale 
of CIG 85. As it is generally thought that stellar and Hi asym- 
metries caused by interactions dissipate within the time it takes 
for the galaxy to complete a single rotation, it may safely be as- 
sumed that a major interaction with known neighbours is not the 
cause of either the stellar or H i asymmetries observed in CIG 85. 
Although CIG 85 is a member of a loose group the large pro- 
jected separation distances from other similar sized group mem- 
bers result in it having the isolation parameters of a well isolated 
galaxy. On the other hand, CIG 85 has tw o blue stellar clump s 
which are reported as dwarfs galaxies in Woo ds et al.l (|2006). 
IWoods et al.l d2006) suggest CIG 85 is an interacting system in- 
cluding the two reported dwarfs, 020036+21480-b (02h 03m 
18.8s +22d 02m 22.0s V = 2690 kms" 1 ) and 020036+21480- 
c (02h 03m 16.8s +22d 03m 01.0s V = 2618 kms 1 ) which are 
indicated with red circles in FigureQ] These two objects are pro- 
jected within the optical disk of CIG 85 but are not unambigu- 
ously separate galaxies. 

The Lfir derived from the IRAS 60 fim and 100 /urn fluxes 
falls within the normal ran ge for an isolated galaxy, see Figure 
8 of iLisenfeld et al.l d2007l) . CIG 85 Hi spectra have previously 
been obta ined from the Wes terbork Synthesis Radio Telescope 
(WRST) dBraun et all I2003L 49' angular resolu tion) and the 
Greenbank 91-m telescope dTifft & Cockd 1 19881 10' FWHM 
beam). The Tifft's spectrum is shown with the dashed line in 
Figure [2] and its asymmetry suggests a lopsided distribution in 
the H i disk. Such a perturbed distribution of stars and H i in an 
apparently isolated galaxy makes CIG 85 an interesting candi- 
date to study in detail. Our Hi mapping of the galaxy (see sec- 
tions below) shows this galaxy to be even more asymmetric than 
could be inferred from the Afl ux asymmetry parameter. This is 
because the Afl ux ratio parameter misses a few cases where the 
shape of a real asymmetric profile does not correspond to a dif- 
ference in the total a reas of the approaching and receding sides 
( Esp ada et al.ll2.01 lR see for details) . 

We present in this paper results from the GMRT interfero- 
metric Hi and 20 cm radio cont inuum observatio ns of CIG 85. 
Sloan Digital Sky Survey, SDSS dYork et al.l2000l) . and GALEX 
publicly available images have also been used in this paper. 
Section [2] sets out details of our observations with the results 
given in section [3] and we discuss the possible reasons for the 
observed asymmetries in section [4] Our conclusions are set out 
in section[5] J2000 coordinates are used through the paper. 
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Fig. 3. Integrated H i contours on an SDSS r-band image, where the three faint optical arm like features are marked with red arrows 
and 020036+2 1480-b AND 020036+2 1480-c by circles. (Left) High resolution integrated emission, (beam size = 24.3" x 21.0" 
) where the Hi column density levels are 10 20 atoms cm -2 x (1.0, 1.9, 3.2, 5.3, 7.5, 9.6, 11.8, 13.9, 16.1) (Right) Low resolution 
integrated emission, (beam size = 47.1" x 37.1" ) where the the Hi column density levels are 10 20 atoms cirT 2 x (0.56, 1.2, 2.2, 3.4, 
4.7, 6.0, 6.9, 8.2, 9.4, 1 1.0). The beam is shown at the bottom right of each panel. 



Fig. 2. Hi spectra for CIG 85: Single dish from iTifft & Cockd 
( fl988l) (dashed line) and from GMRT (solid line). 



2. Observations 

21-cm Hi line and continuum emission from CIG 85 was ob- 
served for 10 hours with the GMRT in November, 2009. The 
full width at half maximum (FWHM) of the GMRT primary 
beam at 1.420 GHz is ~24'. The baseband bandwidth used for 
Hi line observations was 8 MHz giving a velocity resolution 
of ~13.7 kmr 1 in the velocity range of 1800 kms _I to 3500 
kms" 1 . Observational parameters, including the rms noise and 
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Fig. 4. SDSS r-band image (25- 26 mag arcsec~ 2 ) shows faint 
emission to the north of the main stellar concentrations. The 
three faint plume or arm like features are marked with red ar- 
rows and the cross indicates the optical centre. 



beam sizes used to produce the integrated maps are presented in 
Tabled 

The GMRT data were reduced using the Astronomical Image 
Processing System (AIPS) software package. Bad data due to 
malfunctioning antennas, antennas with abnormally low gain 
and/or radio frequency interference (RFI) were flagged. The 
primary flux density calibrators used in the observations were 
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Table 2. GMRT observation details 





Hi 21 cm line 


radio continuum 
(1405.2026 MHz) 


Observation Date 


13 November 2009 




Phase Calibrator 


\JZj 1 -hZoo 


UZj 1 +Zoo 


Phase Calibrator 






flux density 


2.4 Jy kms" 1 


2.4 Jy kms -1 


Integration time 


lOhrs 


lOhrs 


rms (per channel) 


1.15 mjy beam -1 


0.33 mJy beam -1 


Beam (major axis) 


24.3" 


47.2" 


Beam (minor axis) 


21.0" 


37.1" 


PA 


15.8° 


-39.4° 



3C147 and 3C48, and the phase calibrator was 023 7+288 (see 
Table |2l). The flux densities are on the scale of iBaars et all 
(Il977l) . with flux density uncertainties of ~5 per cent. The radio 
continuum images were generated from the line free channels. 
The H i cubes were produced following continuum subtraction 
in the uv domain using the MPS tasks UVSUB and UVLIN. 
The task IMAGR was then used to obtain the final cleaned H i 
cubes. From these cubes the integrated H i and H i velocity field 
maps were extracted using the AIPS task MOMNT. To analyse 
the H i and radio continuum structures in CIG 85 we produced 
image cubes and maps of different resolutions by tapering with 
different parameters, and retained for this paper the ones with 
beam sizes of 24.3" x 21.0" and 47.1" x 37.1". It is to be noted 
here that the shortest spacing between GMRT antennas is~ 60 
m which in L band imposes an angular size limit of 6' to 7' for 
the observed sources. We note that some RFI could not be com- 
pletely removed and remains visible at low levels in the maps. 



3. Observational Results 

3.1. Hi content and distribution 

Figure [3] shows the GMRT integrated Hi maps (~ 25" and 45" 
resolution) overlayed on an SDSS r-band image. The high res- 
olution H i map (left panel) shows the H i disk to be highly dis- 
turbed with a clumpy distribution, with the large majority of the 
projected disk area having a column density < 10 21 atoms cm -2 . 
The high density H i (with maximum column densities of 1.6 x 
10 21 atoms cm -2 ) is principally located in two clumps whose 
maxima are located 50" (8.6 kpc) south and 30" (5.2 kpc) 
west of the optical centre. The SDSS r-band image (Figure [4} 
shows three prominent optical extensions (marked with red ar- 
rows) north of the optical centre. The Hi disk, measured at a 
column density of ~ 2 x 10 20 atoms cm -2 extends well beyond 
the optical extent of the galaxy, with the high density clump in 
the northern half of the disk coinciding with the easternmost of 
the optical extensions. The lower resolution H i map (right panel 
Figure[3]l provides a complementary picture showing more obvi- 
ously the large extent of the atomic gas in the north-west which 
continues well beyond the three optical extensions. The back- 
ground image in this figure has been overexposed for clarity. 
However the H i in the far NW seems to be a continuation of 
the optical features. Deep optical observations of CIG 85 may 
reveal the presence of extended faint stellar structures in this 
north-western area, alternatively the absence of such structures 
could be used to argue for cold gas accretion, as was done in 
NGC 3367 where its asymmetric morp hology and nuclear activ- 
ity wa s attributed to cold gas accretion (Hernan dez-Toledo et al.l 
120111) . 



The integrated H i flux dens ity obtained from Gre enbank 91- 
m sing le dish observations of ITifft & Cockel (Qj)88) is 27.3 Jy 
kms -1 , implying an Hi mass for the galaxy of 8.3 x 10 9 M . 
Comparing this to the Hi mass observed by the GMRT (5.8 x 
10 9 M ) indicates the interferometer is only recovering ~ 70% 
of H i flux and implies that CIG 85 contains a large mass of dif- 
fuse H i. We can identify where this flux difference comes from 
by looking at Figure [2] There the H i spectrum from our GMRT 
observations (solid line) is compared t o the single dish spec- 
trum (dashed line) from ITifft & Cockel dl988l) . The single dish 
spectrum displays a double horn profile, with a larger H i flux 
in the low velocity horn (~ 2580 kms -1 ) compared to the high 
velocity horn (~ 2700kms -1 ). Our lower velocity resolution (26 
km s -1 ) GMRT interferometric spectrum (solid line in Figure|2]i, 
while having a similar velocity and velocity width, is missing 
flux across the range of detected velocities. However the loss is 
greatest in the low velocity horn and our H i velocity field (Figure 
|5j shows the low velocity H i is located in the NW, where the H i 
disk is most disturbed. For this reason in all further calculations 
requiring the H i mass, we use the single dish value. Taking the 

major diameter (Table[TJ as ~ 2.0' gives a log-^r- value of 7.16. 

A comparison with the Hi surface densities of isolated galax- 
ies of similar morphological type (lHavnes & Giovanellil 19841) 
shows that CIG 85 has n ormal Hi content. The AMIG A sample 
is more isolated than the lHavnes & Giovanellil (fl984f) sample so 
we compared the single dish H i mass with our AMIGA sample 
as well. The comparison with the AMIGA sample confirms the 
H i content of CIG 85 is similar to that of an isolated galaxy of 
its morphological type and size (Espada et al. in preparation). 

The AMIGA isolation parameters are based on 2D optical 
data and may not include optically faint gas rich companions. 
Therefore, the Hi cube was searched over the entire GMRT 
primary beam, (the L band FWHM being ~ 24' which is ~ 
250 kpc at the distance of CIG 85), and ~ 1400 kms -1 veloc- 
ity range, for previously undetected companions. Although the 
signal to noise ratio (SNR) drops considerably beyond the pri- 
mary beam FWHM, an area twice the FWHM diameter of (~0.5 
Mpc) was also searched but no H i companions were detected 
in either search. The H i mass detection limit inside the FWHM 
of the GMRT primary beam, assuming a 3 channel line width 
and 3 cr SNR, is ~ 8.5 x lO 7 M . It is interestesting to note 
here that lBraun et al.l (120031) spectrum shows strong H i emission 
at velocities of ~ 2800 kms" 1 which are not present in either 
the ITifft & Cockel d 1988b or our own GMRT spectra. The effec- 
tive beam size of these observations was ~ 49'. However there 
were baseline problems with the spectrum in this velocity range 
(Braun private communication) and the position from which the 
spectrum was extracted was not stated. Therefore, though a strik- 
ing feature near 2800 kms -1 is present in this spectrum, no con- 
clusion can be drawn from it. 



3.2. Hi velocity field and rotation 

In Figure [6] we display the channel maps corresponding to the 
H i emission at the indicated heliocentric velocities with a chan- 
nel width of ~26 kms -1 and an rms noise of 0.012 Jy beam -1 , 
implying a detection threshold level of 6.7 x 10 2l) atoms cm" 2 . 
The H i contours have been overlayed on the H i integrated map 
displayed in grey scale. The channel maps are rather regular in 
velocity while clumpy in distribution, the best behaved being the 
channels closest to the systemic velocity. The redshifted chan- 
nels show most of the Hi mass is located in the eastern part, 
also reaching higher column densities there. In the velocity range 
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from 2646.8 kms~' to 2687.1 kms~' the faintest eastern emis- 
sion coincides with part of the eastern optical "plume" closer 
to the center of the galaxy (Figure [?}. On the other hand, the 
blueshifted Hi is significantly more prominent in the western 
side where it seems to cover the outer (larger radii) parts of the 
three optical plumes. The velocity field, derived from the Hi 
channel maps, is presented in Figure[5] The main panel of Figure 
[5] shows the H i velocity field derived from the high angular res- 
olution cube, while the inset in the lower right corresponds to 
the low resolution one, highlighting the kinematics of the more 
extended atomic gas. Like the channel maps, the velocity field 
also shows a larger regularity in the central parts at velocities 
closest to the systemic one. There it is consistent with a rotating 
disk. The northern half shows fewer isocontours due to low sig- 
nal to noise H i detections in several places in the NW of the disk. 
Hints of a warped H i disk are seen in the isovelocity contours in 
the SE and southern edge and also in the channel maps (Figure 
[6}. NW of the stellar plumes the H i is particularly disturbed with 
discrete clumps of gas extending as far as ~ 02h 03m 14.0s +22d 
05m 30.0s with no apparent optical counterpart in the SDSS im- 
ages, but maintaining a systematic gradient in velocity with ra- 
dial distance (2606 kms~' to 2575 kms~'). As noted in section 
3.1, most of the diffuse emission (~ 2 x 10 9 M Q ) is expected 
to be located in this region. The channel maps (Figure|6]l clearly 
show the H i disk to be stretched in the E and NW. The kinematic 
centre of the galaxy is at 02h 03m 20.3s, +22d 02m 39.8s, i.e. 
within the uncertainties at the optical centre. 

In Figure [7] we present a position-velocity cut along a posi- 
tion angle of ~146°. The direction has been selected as a com- 
promise to include the northwestern H i blob, being as close to 
the major kinematical axis of the galaxy as possible, and avoid- 
ing the RFI effect at the galaxy centre. The zero point in the 
figure corresponds to 02h 03m 21.2s and +22d 02m 47.5s, while 
the optical centre is 02h 03m 20.3s +22d 02m 29.0s and the 
kinematic centre from the moment 1 map is estimated to be at 
02h 03m 20.3s, +22d 02m 39.8s. Surprisingly, the approaching 
side of the position-velocity diagram is consistent with regular 
rotation, although this part of the galaxy appears to be more per- 
turbed in the velocity field. The exception is the northwestern 
clump, which shows higher velocities than expected, suggesting 
it to be stripped gas. On the other hand the rotation curve in the 
receding side increases in a more irregular way. 

From the outline of the H i distribution we estimate the in- 
clination of the galaxy is ~ 45° and from the velocity width V 
= J^j, we estimate the Vrof =100 km s'implying a dynamical 

mass of ~ 4.6 xlO 10 M . Making the further assumption that the 
mass of molecular gas is M(H i), the baryon fraction of CIG 85 
would be ~ 0.35, implying a normal dark matter content similar 
to that found in spiral galaxies. 

3.3. 20 cm radio continuum from CIG 85 

20 cm radio continuum was detected with a total flux density of 
2.2 mJy. The lower panel of Figure [8] shows the low resolution 
radio continuum emission from CIG 85, overlayed on SDSS r— 
band image. The upper and middle panels of Figure [8] respec- 
tively show the composite images of GALEX N UV contours 
with ~ 5.3 arcsec resolution and Ha contours from lJames et al] 
J2001 with resolution ~ 1 arcsec, both overlayed on SDSS r— 
band image. The radio continuum emission shows a significant 
overlap with the other recent SF tracers, Ho- and UV (Figure|8]l. 
The star form ation rate (SFR), estimated from the 20 cm data, is 
0. 1 8 M Q yr _1 (lYun et al.ll200ll) and that from the 60 fim data is ~ 




2 h 03 m 30 s 25 s 30 s 15 s 



Fig. 5. H 1 velocity field contours derived from the high resolu- 
tion cube on SDSS r--band band image (main panel). The ve- 
locity contours are plotted in 15 km s _1 interval. The spatial res- 
olution is 24.3 " x 21.0 " with the beam size indicated by the 
ellipse. (Inset panel:) Low resolution (47.1 " x 37.1 "), systemic 
velocity subtracted, Hi velocity field for CIG 85. The systemic 
radial velocity is 2640 km s . From white to black, the contours 
(in km s- 1 ) are 2570, 2580, 2590, 2600, 2610, 2620, 2630, 2650, 
2660, 2670, 2680, 2690, 2700, 2710, 2720. The velocity resolu- 
tion of the cube is ~ 26 km s _1 . 



0.5 Mo yr~' dHopkins et al.ll2002l) . Assuming that the entire ra- 
dio continuum e mission is non-thermal , the SN rate is calculated 
to be 0.003 vr" 1 dCondon & Yinlll990h . The FIR-radio relation 
(lYun et al.ll200ll) parameters for CIG 85 are, log L( lACHz ) = 20.5 
and log( L6o^ m ) = 8. 6, confirming that t he galaxy lies on the 
FIR-radio correlation (ISabater et al.ll2008l) . 



4. Discussion 

In this section we first discuss the environment, minor compan- 
ions, stellar characteristics and morphology of CIG 85, to under- 
stand the properties of this system. Then we compile all the stel- 
lar and Hi observational evidence and reach a conclusion about 
which of the processes listed below can explain most of the ob- 
servations and therefore is the likely cause of the current H 1 and 
stellar asymmetries of CIG 85. As an isolated galaxy, CIG 85, 
could be affected by any one or a combination of the following 
processes, which can give rise to its asymmetry. 

1 Accretion of a large mass of cold gas or High Velocity 
Clouds (HVCs). 

2 Internal perturbations within the disk driven by a bar. 

3 Intense star formation in the disk. 

4 Recent accretion of a satellite companion galaxy. 
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Fig. 6. Channel images (red contours) at a spatial resolution of 24.3 " x 21.0 " overlayed on grey scale integrated Hi map. The 
velocity in kms 1 is shown in the bottom left corner of each frame. Contour levels are at 3,5,7 and 9 cr where <x corresponds to 1.4 
K. Leftmost boxes of each row have three blue arrows on the galaxy to point the positions of the optical arm like features. 
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Fig. 7. Position-velocity cut along a position angle of ~ 146° . The zero point in the figure corresponds to 02h 03m 2 1 .276s and 22 02 
47.59. The vertical line corresponds to this zero position, and the horizontal line to the velocity that maximises symmetry between 
the receding and approaching sides of the curve (in this particular cut, 2630 km/s). The stars trace the approaching side and the dots 
the receding side, in order to illustrate the differences between each side. 



4.1. Minor companions 

As has been mentioned in the Introduction, 020036+21480- 
b and 020036+2 1480-c, indicated with red circles in Figure 
1] have been repo rted as dwarf companions of CIG 85 by 
Wood s et al. (2006). However, the entities are projected within 
the disk of CIG 85, so they cannot be unambiguously cate- 
gorised as separate galaxies. The AMIGA isolation parameters 
given in the Introduction are derived taking into account only 
similar sized galaxies, i.e. are designed to identify presence or 
absence of companions capable of producing a major interac- 
tion with the galaxy. If the tidal force parameter Qi< ar for CIG 85 
is estimated taking into account all of its close neighbours, with- 
out any restriction on their size, the effect of the two dwarfs be- 
comes significant. The value of CW becomes > (well above 
the AMIGA cut-off value of < -2.0) indicating that the exter- 
nal tidal forces, mainly created by the very nearby companions, 
would be higher, and cle arly dominate over t he internal binding 
forces. So, provided the IWoods et al.1 (120061) dwarfs are indeed 
entities separate from CIG 85, minor companions could be the 
explanation for the asymmetries observed in CIG 85. 

UV (GALEX) images (Figure [8) show the brightest SF re- 
gions within the CIG 85 disk are co-spatial with the positions 
of the dwarfs and the SDSS spectrum for 020036+2 1480-b has 
the characteristics of a low abundance entity. Estimated oxy- 
gen abundance from the SDSS spectrum for this object is low, 
about 0.2 solar abundance, typical of dwarf galaxies or the Small 
Magellanic Cloud. However, we only have indir ect evidence 
sugges ting the two dwarf galaxies reported by IWoods et alj 
(120061) are individual galaxies or galaxy fragments rather than 



regions of high SF within CIG 85 disk, e.g. the presence of SDSS 
z-band emission at positions of the dwarfs is consistent with sep- 
arate galaxies or fragments of satellite galaxy, rather than merely 
young CIG 85 H n regions. So these regions being part of the 
CIG 85 cannot be ruled out as well. 



4.2. Stellar properties 

The s tellar mass estimated from the Lg, following the method 
from lBell & de Jondd2001l) , is 2.4xl0 9 M G . This compares well 
with the stellar masses derived from the Spitzer IRAC 3.6 //m 
and 4.5 /mi bands which give 1.7xl0 9 M and 1.3xl0 9 M Q 
respectively. Overall, the stellar mass distribution is strongly 
asymmetric (based on SDSS images), with most of the mass in 
the southern side of the galaxy, while the northern part of the 
disk is more diffuse (Figures [4]&[3]l. The SDSS u, g, r, i and 
z band images indicate a clear segregation between the distri- 
bution of the old and young stellar populations (Figure [TJ. The 
old population is most prominent in the central region and at 
lower densities in faint plume-like features running north from 
the main concentration of stars, which could be either spiral arms 
or debris from an interaction, (Figure HJ. In contrast the young 
blue stars are predominantly found in an arc which initially fol- 
lows the easternmost plume (Figure|4]i and continues through the 
optical ce ntre to the po s ition o f the smaller of the two dwarfs re- 
ported bv lWoods etail (12006b . 020036+2 1480-c (Figure [TJ- As 
expected, the UV (GALEX), Ha, radio continuum emission es- 
sentially follow the distribution of the young blue stars (Figure 
[5J. Both the red stellar plume and the arc of young blue stars 
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Fig. 8. Composite image of GALEX NUV contour s with ~ 5.3 
arcsec resolution (top panel), Ha contours from iJames etall 
(12004 with resolution ~ 1 arcsec (middle panel) and 20 cm radio 
continuum contours with resolution ~ 45 arcsec (lower panel), 
each overlaid on an SDSS-r band image. The circles indicate 
020036+2 1480-b and 020036+2 1480-c 



have somewhat similar distributions to NGC 922, a collisional 
ring galaxy, where an off-centre high velocity collision with a 
companion is thought to be responsible for the C - shaped Ha 
morp hology and the red extended optical plumes ( Won g^eTafl 
2006). However the Ha emission in CIG 85 is dominated by the 
two clumps projected near the centre in contrast to NGC 922, 
where the emission is almost exclusively in the ring. 
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Fig. 9. CIG 85 r-band C (concentration) and A (asymmetry) 
parameters with error bars- red point. The range of A and C 
CAS parameters for Sb-Sc spirals (s ample size ~100) from the 
AMIGA sample dDurbala et alj|2008l) are indicated with the red 
rectangle. The r ange of the same A and C parameters from 
IConselicel (l2003h is displayed for irregular and Sc-Sd morpholo- 
gies respectively as a dashed black rectangle and a solid black 
rectangle. 



To place the optical morphology of CIG 85 in perspective 
relative to isolated AMIGA and field galaxies of similar mor- 
phological types, we estimated the asymmetry (A) and concen- 
tration (C) parameters in the CAS system for CIG 85. It included 
the "minimisation of A" step required for galaxies displaying an 
irregular mor phology, from the SDSS r-band image using the 
method from IConselicel (I2003I) . The estimated asymmetry pa- 
rameter, A = 0.19 ± 0.03, is plotted in Figure [9] In order to 
gain a perspective on the CIG 85 A and C parameters, Figure 
|9]also shows the 1 <x range of these parameters for AMIGA Sb- 
Sc spirals, (A = 0.09 + O.Ol lDurbala et al.ll2008l) - red rectangle. 
The figure also shows the 1 cr parameter ranges for Sc-Sd spi- 
rals (solid black rectangle) and irregulars (dashed bl ack rectan- 
le) fo r the non-environmentally selected sample from lConselicd 
2003h . While the CIG 85 CAS - C parameter is very close to 
that of the AMIGA spirals, the A parameter is clearly signifi- 
cantly larger than for the AMIGA spirals. The CIG 85 CAS - A 
parameter also falls within the upper half the Conselice A param- 
eter space for both irregular and spiral galaxies and the Conselice 
sample is known to include galaxies impacted by interactions. 

The radial optical surfac e brightness profil e s of a sample of 
late-type spirals studied by Pohlen & Truiillo (2006) generally 
show an initial exponential decline associated with the bulge fol- 
lowed by a shallower decline in the disk. For Hubble types later 
than Sd the Pohlen profiles show a smaller bulge contribution 
leaving the profiles dominated by the more shallowly declining 
disk component. The surface brightness profiles for CIG 85 de- 
rived from the SDSS g,r,/-band images (after removal of fore- 
ground stars) all lack the bulge emission profile component typ- 
ical of spirals with morphologies in the range Sb to Sc. However 
Figure [9] shows the CAS - C parameter is similar to that of 
AMIGA spirals with morphologies in the range Sb to Sc. The 
most likely explanation for the apparent inconsistency between 
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the CIG 85 CAS - C parameter (consistent with a late-type spi- 
ral galaxy) and the light profile more consistent with an irregular 
galaxy is the presence, near the optica l centre, of the two stellar 
clumps reported as dwarfs galaxies in Wood s et alJd20 06) which 
would artificially increase the concentration parameter. 



having a maximum column density ~ 10 21 atoms cirT 2 is in the 
NW part of the disk, where a blue SF region is seen in FigureQ] 
although with some shift with respect to its peak. However the 
area looks patchy in the SDSS images, suggesting it is suffering 
from dust extinction which could explain this shift. 



4.3. Morphology of CIG 85: irregular or spiral? 

Besides asymmetry, another interesting aspect of this system is 
its morphological type. A detailed study of its properties indicate 
that CIG 85 may not be a simple irregular galaxy. Several of its 
properties mimic a spiral, suggesting it could be a galaxy whose 
morphology is currently undergoing a transformation. With an 
optical diameter of ~ 21 kpc CIG 85 has a significantly greater 
size than the median for UGC Sm-Im i rregular galaxies where 
D25 = 17kpc (IRoberts &Havnesl 1 19941) a nd in general i rregu- 
lar galaxies are smaller i n size than spirals dPilvugin et alj|2004t 
iRoberts & Havnes1 IT994). Other properties which are more con- 
sistent with CIG 85 being an Sc - Sd spiral rather than an ir- 
regular include, the log(L g ) = 9.15 [L ], \og(L FIR ) = 8.75 [L Q ] 
(IRoberts & Havnesl 19941 UGC sample) and its CAS - C param- 
eter. The Hi mass, 7.9xl0 9 M , of C IG 85 is also more typica l 
of a spiral than an i rregular galaxy (IRoberts & Havnesl 1 19941) . 
IPilvugin et al.l (120041) . while studying a sample of spirals and ir- 
regulars, found a clear difference between the metallicity, rota- 
tional velocity and blue band magnitudes of irregulars and spi- 
rals. Comparing CIG85's M B which is -17.98 a nd V ror ~ 100 
km s to the sample of spirals and irregulars in IPilvugin et alJ 
d2004l) we find that CIG 85 has properties of a galaxy lying on, 
or just on the spiral side, of the irregular / spiral transition (See 
figs. 9, 10 and 11 of IPilvugin et alJ d2004l) ). These intermediate 
properties could be evidence that CIG 85 is undergoing a trans- 
formation from a spiral to an irregular or vice versa, driven by 
one or more of the mechanisms proposed above. 

4.4. Star formation rate and Hi correlation 

The curre nt global SFR estima ted using the 60^m data is ~0.5 
Mr* vr" 1 (iHopkins et al.1 l2002h and SFR(Ha) -0.78 M yr 1 
(Jam es et al.ll2004l) . Assuming the galaxy has been forming stars 
over 13 Gyr, the mean SFR would be 0.13 M yr 1 indicat- 
ing the current SFR is above the long term mean level. This 
and the fact that the regions of strongest recent SF (UV) are co- 
spatial with the location of the dwarfs reported by IWoods et alJ 
(2006), support the interaction induced star formation scenario. 
As was mentioned in section 4.2, the stellar mass of CIG 85 is 
even lower than its Hi mass. Also the major SF sites are close 
to the optical and Hi kinematic centre of the galaxy and are 
hardly found in other parts of the disk, except for the eastern 
optical plume marked with an arrow in Figure [4] These facts 
seem to rule out the possibility that SF activity alone is respon- 
sible for the observed large scale Hi and stellar asymmetries. 
The current state of star formation in CIG 85 is most probably 
an after-effect of the asymmetries rather than the cause of them. 
As was noted previously, there is no marked correlation of high 
Hi column density regions with the star forming regions. There 
are three clumps of H i in the disk as seen in the high resolution 
map (Figure [3] left panel) having column densities > 1.0 x 10 21 
atoms cirT 2 . The two main clumps with column densities signif- 
icantly > 1.0 x 10 21 atoms cm -2 , are located towards the south. 
One of them correlates well with the star forming possible dwarf 
galaxy 020036+2 1480-b and the other clump is well towards 
the south, away from active star forming zones. The third clump 



4.5. What could have happened to CIG 85, leading to its 
current morphology 

After carefully considering all the observational results pre- 
sented above, we conclude that accretion of a minor companion 
most readily explains the current Hi and stellar asymmetries 
observed in CIG 85. Under this scenario, originally CIG 85 was 
a gas rich spiral with a low SFR. Over the course of time the 
orbit of a smaller companion has decayed to the point where it 
has deposited tidal debris in and near the parent galaxy (e.g. the 
plumes seen in the r - band image - Figure |4|. The interac- 
tion with the satellite has resulted in the current perturbed and 
lopsided Hi and optical distributions. In this scenario the arc of 
blue stars from the east to centre would trace shock driven star 
formation arising from accretion of fragments of the companion, 
which is in a late stage of being subsumed into CIG 85. To reach 
this conclusion we have considered the following questions: 

- Can the mechanism explain both the systematic large scale 
differences between diffuse northern and denser southern 
distributions, in both the H i and stellar components, while si- 
multaneously accounting for the lack of correlation between 
the older stellar, younger stellar and H i high density regions 
on smaller scales? 

- Are the two brightest SF regions either dwarfs/interaction 
remnants or SF regions within the CIG 85 disk? 

- What is the interpretation of the rotation pattern in the H i 
disk? 

- Can the scenario explain the presence of low metallicity, but 
not pristine, gas in the strongest SF region? 

The arguments supporting the scenario described above are 
summarised next: 

1 . The CAS - A parameter which quantifies the asymmetry, is 
very large compared to that of the AMIGA spirals and in 
the upper quartile of the CAS - A parameter space of the 
IConselicel (120031) spiral and irregular galaxy samples, which 
is indicative of a strong recen t perturbation. 

2. The detailed compari son with lRoberts & Havnesld 19941) and 
IPilvugin et al.l d2004l) suggests that CIG 85 resembles in a 
number of ways a gas rich spiral undergoing a morphological 
type transition rather than an irregular. 

3 . The SF history of CIG 85 suggests a modest SFR of 0. 1 3 M 
yr~' in the past compared to a higher current SFR of 0.5 M 
yr . Enhanced SF is a known consequence of interactions. 

4. The extended H i to the NE shows continuity with the veloc- 
ity gradient of the galaxy, as well as the eastern emission vis- 
ible in the Hi channel maps (Figure [6]) from 2646.8 kms -1 
to 2673.7 km s consistent with these extensions being per- 
turbed parts of the main body of the galaxy. 

5. The metalicity of the gas in the 020036+2 1480-b region 
is ~ 0.2 solar, consistent with that expected in objects 
such as SMC or a dwarf galaxy. Given the massive Hi 
mass of CIG 85 compared to its optical mass and its low 
SFR history, it is not suprising that CIG 85 will be metal 
poor. Additionally, this is also consistent with the idea that 
020036+2 1480-b region is part of a small metal poor com- 
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panion galaxy whose accretion into CIG 85 is responsible for 
the current asymmetry. 

6. The persistence of the large scale rotation pattern in the H i 
disk and the coincidence of the projected Hi kinematic and 
optical centres of the galaxy, indicates the mass of the com- 
panion was insufficient to destroy the overall H i rotation pat- 
tern but was sufficient to significantly perturb the Hi mor- 
phology. 

7. The coincidence of the brightest star forming regions 
with 020036+21480-b and 020036+2 1480-c reported by 
IWoods etaDd2006b as dwarf galaxies, is both consistent with 
accretion of a satellite and interaction induced star formation 
and also provides an explanation for the morphologies of red 
(pre-existing small bulge) and blue (blue stellar arc) stellar 
components. 

The Afl llx asymmetry parameter of the AMIGA galaxies for 
which we have carried out spatially resolve d H i studies as part 
of the A MIGA project, i.e. CIG 85 CIG 9 6 (lEspada et alJl2005l 
I2011blah and CIG 292 dPortas etalJl2"0ll . are 1.27, 1.16 and 
1 .23 respectively. Two features common to all three galaxies are 
the indication that the H i asymmetries were generated relatively 
recently (~ 10 s yr ago) and that they were not produced by in- 
teractions with major companions. Additionally in all three cases 
the H i velocity fields show overall regular rotation, but with in- 
dications that H i disks contain a warp and the signatures of H i 
asymmetry are more apparent in the 2D distributions than in the 
velocity fields. While the balance of evidence favours accretion 
of a minor companion as the cause of the Hi asymmetries in 
CIG 85 and interaction with a minor companion in the case of 
CIG 96, it was concluded that the most likely cause of the asym- 
metry in CIG 292 was an internally produced perturbation. 

5. Conclusions 

Thus evaluating all the observational evidence, we come to 
a conclusion that CIG 85 is most likely a case of disturbed 
spiral galaxy which now appears to have the morphology of 
an irregular galaxy. Though it is currently isolated from major 
companions, the observational evidence is consistent with Hi 
asymmetries, highly disturbed optical disk and recent increase in 
star formation having been caused by a minor merger, remnants 
of which are now projected in front of the optical disk. If this is 
correct, the companion will be fully accreted by CIG 85 in the 
near future. 
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